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Abstract: 
Nanometric cutting of single crystal 3C-SiC on the three principal crystal orientations at various 
FXWWLQJ temperatures spanning from 300 K to 3000 K was investigated by the use of molecular 
dynamics (MD) simulation. The dominance of the (111) cleavage was observed for all the tested 
temperatures. An observation of particular interest was the shift to the (110) cleavage at cutting 
temperatures higher than 2000 K. Another key finding was the increase of anisotropy in specific 
cutting energy from ~30% at 300 K to ~44% at 1400 K, followed by a drop to ~36% and ~24% at 
1700 K and 2000 K, respectively. The obtained results also indicated that the specific cutting 
energies required for cutting surfaces of different orientations decrease by 33%-43% at 2000 K 
compared to what are required at 300 K. Moreover, the position of stagnation region was observed 
to vary with changes in temperature and crystallographic orientation. Further analysis revealed that 
the subsurface deformation was maximum on the (111) surface whereas it was minimum on the 
(110) plane. This is attributable to the occurrence of cleavage and the location of the stagnation 
region. ,Q DGGLWLRQ WKH DPRXQWRIsubsurface GDPDJH VFDOHG OLQHDUO\ZLWK WKH LQFUHDVHRI FXWWLQJ
WHPSHUDWXUH $ YRUWH[ IORZ RI DWRPV EHQHDWK WKH FXWWLQJ WRRO ZDV DOVR REVHUYHG ZKLFK LV
TXDOLWDWLYHO\DQDORJRXVWRWKHSODVWLFIORZRIVLOLFRQ7KHVLPXODWLRQVDOVRSUHGLFWHGWKDWWKHDWRP-
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E\-DWRPDWWULWLRQZHDUDQGSODVWLFGHIRUPDWLRQRIWKHGLDPRQGFXWWLQJWRROFRXOGEHDOOHYLDWHGZKLOH
FXWWLQJ DW KLJK WHPSHUDWXUHV 1HYHUWKHOHVV FKHPLFDO ZHDU LH GLVVROXWLRQ-GLIIXVLRQ DQG DGKHVLRQ
ZHDULVSODXVLEOHWREHDFFHOHUDWHGDWKLJKWHPSHUDWXUHV 
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1. Introduction 
Silicon carbide (SiC) is a ceramic with outstanding mechanical and physical properties such as high 
strength, high thermal conductivity, high stability at high temperature, high resistance to shocks, 
low thermal expansion, low density, high refractive index, wide (tunable) bandgap and chemical 
inertness. This interesting material exhibits one-dimensional polymorphism characterized by 
different stacking sequences of the Si-C bilayers. 3C-SiC, as a zinc blende structured SiC, possesses 
the highest fracture toughness, hardness, electron mobility and electron saturation velocity amongst 
the SiC polytypes [1]. Thus, it has drawn substantial attention to be utilized in the fabrication of 
devices which require high performance in extreme environments. 3C-SiC behaves as nearly an 
ideal brittle solid material at room temperature owing to its sp3-bonded nature and short bond 
length. Accordingly, 3C-SiC exhibits poor machinability at room temperature. At high 
temperatures, yield strength and hardness of this nominally brittle material decreases and its fracture 
toughness improves. As a result, plastic deformation and machinability of 3C-SiC enhances.  
Available literature regarding molecular dynamics (MD) simulation of nanoscale cutting has mainly 
concentrated on elucidating material removal at room temperature (300 K) and only rudimentary 
studies have been performed on studying hot nanometric cutting. In a preliminary investigation 
performed in our research group, hot machining of single crystal 3C-SiC at 1200 K was compared 
with the cutting at 300 K. It was found that hot machining results in lowering tangential cutting 
forces and thrust forces, yet shear plane angle remained unchanged [2]. In similar work, the authors 
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[3-6] performed MD simulations to examine the characteristics of hot nanometric cutting of single 
crystal silicon at various temperatures. It was observed that the anisotropy increases with the 
increase of cutting temperature. Also, narrower shear zones were observed while cutting the (111) 
crystal plane or at higher cutting temperatures. Furthermore, VPDOOHU UHVXOWDQW IRUFH IULFWLRQ
FRHIILFLHQWDWWKHWRROFKLSLQWHUIDFHDQGFKLSWHPSHUDWXUHZDVZLWQHVVHGRQWKHRULHQWDWLRQDV
RSSRVHG WR WKH RWKHU RULHQWDWLRQV There are also couple of MD studies on nanoindentation of 
silicon, copper, gold and diamond at elevated temperatures [7-10]. What is known from these high 
temperature nanoindentation VWXGLHV LV WKDW <RXQJ¶V PRGXOXV KDUGQHVV DQG WKH H[WHQW RI HODVWLF
recovery (spring back) decrease and softening increases with the increase of temperature. However, 
it must be noted that nanometric cutting unlike nanoindentation is dominated by shear stress and 
thus leads to more deviatoric stress conditions; hence providing a wider outlook of the material 
deformation. 
It may thus be seen that there exists a relatively fair MD knowledge on hot nanometric cutting and 
nanoindentation of silicon and some other materials but hot nanometric cutting of 3C-SiC is still in 
infant stage and needs therefor to be explored so as to fill the current pool of knowledge concerning 
high temperature deformation behaviour of 3C-SiC. In particular, there exists no experimental work 
up till now for nanometric cutting of 3C-SiC at elevated temperatures. It is evident that in order to 
be able to improve the hot nanometric cutting of 3C-SiC, it becomes necessary to have a clear and 
unequivocal understanding of the microscopic aspects of this process. To this end, simulation-based 
studies have to be performed. The obtained knowledge could be vital in implementing the hot 
nanometric cutting of 3C-SiC with the assistance of Laser processing. Accordingly, a series of MD 
simulations of nanometric cutting of 3C-SiC on the (010), (110) and (111) crystallographic 
orientations at various temperatures (300 K-3000 K) were performed in this study using an 
analytical bond order potential (ABOP) [11] to obtain a clear and unequivocal understanding of the 
material removal behaviour i.e. anisotropic cutting behaviour, chip formation, plastic flow of 3C-
SiC workpiece and tool wear at different temperatures. 
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2. Simulation methodology 
MD simulations are implemented by using a public-GRPDLQFRPSXWHUFRGHNQRZQDV³ODUJH-scale 
DWRPLFPROHFXODU PDVVLYHO\ SDUDOOHO VLPXODWRU´ /$0036 >12]. 7KH WKUHH-GLPHQVLRQDO
QDQRPHWULF FXWWLQJ PRGHO RI &-6L& LV GHPRQVWUDWHG LQ )LJ  %DVLFDOO\ WKLV PRGHO LV D SODQH-
VWUHVVFRQGLWLRQUHSUHVHQWDWLRQRIUHDOLVWLFPDFKLQLQJSURFHVV %RWK&-6L&ZRUNSLHFHDQGGLDPRQG
FXWWLQJWRRODUHEXLOWDVGHIRUPDEOHERGLHV7KHUHJLRQRIDWRPVLQWKHWRRODQGWKHZRUNSLHFHDUH
GLYLGHG LQWR WKUHH GLIIHUHQW ]RQHV ERXQGDU\ DWRP ]RQH WKHUPRVWDWLF DWRP ]RQH DQG 1HZWRQLDQ
DWRP]RQH LQDFFRUGZLWKWKHSUHYLRXVO\SXEOLVKHGVWXGLHV>-@7KHERXQGDU\DWRPVVHUYHDV
ULJLG EDVHV IRU WKH ZRUNSLHFH DQG WRRO DQG ZRXOG PDLQWDLQ WKH V\PPHWU\ RI WKH ODWWLFH 7KH
WKHUPRVWDWLF DWRPVDUH DOORZHG WR IROORZ %HUHQGVHQ WKHUPRVWDWLFG\QDPLFV WR DVFHUWDLQSODXVLEOH
RXWZDUG KHDW FRQGXFWLRQ DZD\ IURP WKH PDFKLQHG ]RQH ZKLFK LV FDUULHG DZD\ E\ FKLSV DQG
OXEULFDQWV GXULQJ DFWXDO PDFKLQLQJ 7KH 1HZWRQLDQ DWRPV ZKRVH EHKDYLRXU LV GLUHFWHG E\ WKH
PRWLRQ HTXDWLRQV DULVLQJ IURP WKHLU +DPLOWRQLDQ DUH DOORZHG WR IROORZ WKH 1HZWRQLDQ G\QDPLFV
/$003619(G\QDPLFV ,QRUGHUWRPLQLPL]HWKHERXQGDU\HIIHFWVWKHOHQJWKDQGKHLJKWRIWKH
ZRUNSLHFHDQGFXWWLQJWRRODUHVHOHFWHGDGHTXDWHO\ODUJH 
7KHWHPSHUDWXUHRIWKHDWRPVGXULQJWKHPDFKLQLQJVLPXODWLRQFDQEHFRPSXWHGXVLQJWKHIROORZLQJ
FRQYHUVLRQEHWZHHQWKHNLQHWLFHQHUJ\DQGWHPSHUDWXUH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.(RIDWRPVZRXOGEHYHU\KLJKVR.(VKRXOGEHDYHUDJHGWLPH
DQGRUVSDWLDORYHU IHZ WLPHVWHSV WRFRQYHUW LQWRHTXLYDOHQW WHPSHUDWXUH6LQFH WKHPRYHPHQWRI
WKHFXWWLQJWRROFRQWULEXWHVWRWKHNLQHWLFHQHUJ\DPRGLILHGNLQHWLFHQHUJ\VKRXOGEHDSSOLHGVRDV
WRFRPSXWHWKHDYHUDJHWHPSHUDWXUHRIWKHFXWWLQJWRRODWRPV 
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ZKHUH୲୭୭୪ LVWKHYHORFLW\RIFXWWLQJWRRO:KLOHFDOFXODWLQJWKHWHPSHUDWXUHIRUWRRO,WLVSRVVLEOHWR
XVHWHPSFRPFRPPDQGZKLFKWKLVDXWRPDWLFDOO\VXEWUDFWVWKHWRROYHORFLW\ 
 
 
)LJ6FKHPDWLFRIWKH0'VLPXODWLRQPRGHO 
 
,QWHUDWRPLF SRWHQWLDO IXQFWLRQ SOD\V D SLYRWDO UROH LQ WKH DFFXUDF\ DQG UHOLDELOLW\ RI WKH 0'
VLPXODWLRQ UHVXOWV Erhart and Albe [11] proposed a three-body potential function FDOOHG $%23
IRUPDOLVPVRDVWRGLFWDWHWKHLQWHUDFWLRQVEHWZHHQWKHDWRPVZLWKLQWKH6L-6L&-&DQG6L-& %RWK
EXONDQGGLPHUSURSHUWLHVVXFKDVELQGLQJHQHUJ\'WKHHTXLOLEULXPERQGLQJGLVWDQFHUDQGWKH
ZDYHQXPEHUNRIWKHJURXQG-VWDWHRVFLOODWLRQFDQEHSUHFLVHO\GHILQHGE\WKLVSRWHQWLDOIXQFWLRQ
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Hence, ABOP function was employed in this study to model hot nanometric cutting of single 
crystal 3C-SiC. In order to obtain accurate simulation results, the corresponding equilibrium lattice 
constants for the studied cutting temperatures i.e. 300 K, 900 K, 1200 K, 1400 K, 1700 K, 2000 K 
and 3000 K were calculated and accordingly were utilized to build the geometry of the workpiece. 
The cohesive energy corresponding to the equilibrium lattice constant of 3C-SiC obtained from the 
simulation at various temperatures are summarized in Table 1. In all cases, the tool was equilibrated 
at 300 K before simulations; hence the lattice constant of 3.568 Å calculated using the ABOP 
function at 300 K was used for the carbon atoms. 
 
Table 1. Calculated equilibrium lattice constants and cohesive energies of single crystal 3C-SiC at 
different temperatures using ABOP function [11] 
Temperature (K) Lattice 
constant (Å) 
Cohesive 
energy (eV) 
Experimental 
lattice constant 
(Å) [18] 
300 4.3623 -6.3376 4.3581 
900 4.3681 -6.3342 4.3689 
1200 4.3712 -6.3325 4.3754 
1400 4.3738 -6.3297 4.3798 
1700 4.4291 -6.1401 - 
2000 4.4409 -6.1033 - 
3000 4.4838 -5.9718 - 
 
7R DYRLG WKH LQWHUDFWLRQ EHWZHHQ ZRUNSLHFH DQG WRRO DWRPV DW WKH EHJLQQLQJ RI VLPXODWLRQ WKH
FXWWLQJWRROZDVSODFHGDWDGLVWDQFHRIcQPDZD\WKHZRUNSLHFHVXUIDFH7KHPRGHOZDV
WKHQDOORZHGWRUXQIRUSVWRDFKLHYHWKHGHVLUHGWHPSHUDWXUH7DEOHOLVWVWKHJHRPHWU\GHWDLOV
DQG SURFHVV SDUDPHWHUV XVHG LQ WKLV VWXG\ The nanometric cutting trials were simulated by 
advancing the tool atoms at every time step giving the tool a velocity of 50 m/s. This cutting speed 
was employed primarily due to limitation of computational power since implementation of 
parametric investigations at realistic cutting speeds (~1-2 m/s) would require very long computation 
times. )LQDOO\³2SHQ9LVXDOL]DWLRQ7RRO´29,72>19] was used to visualise and post-process the 
atomistic data. 
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Table 2. Details of the MD simulation model and the cutting parameters used in the study 
Workpiece material Single crystal 3C-SiC 
Workpiece dimensions 34.8×19.6×4.4 nm3 
Tool material Single crystal diamond 
Cutting edge radius (tip radius) 3.5 nm 
Uncut chip thickness (cutting depth in 2D) 3 nm 
Cutting orientation and cutting direction Case 1: (010)<100> 
Case 2: (110)<00 ?ത> 
Case 3: (111)< ?ത ?0> 
Rake and clearance angle of the cutting 
tool 
-25° and 10° 
Workpiece temperature 300 K, 900 K, 1200 K, 1400 K, 1700 K, 2000 
K and 3000 K 
Cutting speed 50 m/s 
Time step 1 fs 
Potential energy function ABOP [11] 
 
3. Results and discussion 
3.1. Cutting forces and specific cutting energy 
)URPWKH0'VLPXODWLRQVWDQGSRLQWWKHFXWWLQJIRUFHVFDQEHFDOFXODWHGE\VXPPLQJXSWKHWRWDO
IRUFHV H[HUWHG E\ WKH FDUERQ DWRPV RI WKH FXWWLQJ WRRO WR WKH &-6L& ZRUNSLHFH 7KH IRUFH
FRPSRQHQWVDORQJWKH[\DQG]GLUHFWLRQVGHVFULEHWDQJHQWLDOWKUXVWDQGD[LDOIRUFHVUHVSHFWLYHO\
6XUIDFHIRUPHUURULVFKLHIO\DIIHFWHGE\WKUXVWIRUFHVLQFHWKLVFRPSRQHQWRIIRUFHKDVWHQGHQF\WR
VHSDUDWHWKHWRRODZD\IURPWKHZRUNSLHFH7KHWDQJHQWLDOIRUFHEULQJVDERXWGLVSODFHPHQWVLQWKH
GLUHFWLRQRIFXW FKLS WKLFNQHVVDQG LWVYDULDWLRQ WKHUHIRUHDVVRFLDWHV WRFKDWWHU+HQFH WKH FXWWLQJ
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EHKDYLRXU FKDQJHV G\QDPLFDOO\ LH ZHDU IUDFWXUH HODVWLF-SODVWLF WUDQVLWLRQ GLVSODFHPHQW RI WKH
PDWHULDOKHDWJHQHUDWLRQZHDURIWKHWRROGLVORFDWLRQVOLSHWFOHDGLQJWRFKDQJHRIWKHIRUFHDVSHU
DORQJ WKH OHQJWK RI FXW 7KH PDJQLWXGH RI WKH DYHUDJH WDQJHQWLDO FXWWLQJ IRUFHV WKUXVW IRUFHV
UHVXOWDQWIRUFHVDQGVSHFLILFFXWWLQJHQHUJ\IRUDOO WKHVWXGLHGWHPSHUDWXUHVDQGFU\VWDOSODQHVKDV
EHHQVXPPDUL]HGLQ7DEOH$LQ$SSHQGL[$7KHDYHUDJHYDOXHVRIWKHIRUFHVZHUHFDOFXODWHGRQO\
DIWHUWKHWRROSHQHWUDWHGLQWKHZRUNSLHFHE\WRQPDVVKRZQLQ)LJ$WWKHEHJLQQLQJVWDJH
RIFXWWLQJERWKWKHWDQJHQWLDODQGWKUXVWIRUFHVDUH]HUR$VWKHGLDPRQGFXWWLQJWRROVWDUWVPRYLQJ
WRZDUGVWKHVLQJOHFU\VWDO&-6L&ZRUNSLHFHWKHQHJDWLYHIRUFHVDUHREVHUYHGDVLOOXVWUDWHGLQ)LJ
 VLJQLI\LQJ WKH HIIHFWV RI ORQJ-UDQJH DWWUDFWLRQ IRUFHV $WRPV DWWUDFW HDFK RWKHU ZKHQ WKH
LQVWDQWDQHRXVGLVWDQFHEHWZHHQWZRDWRPVLVORQJHUWKDQWKHHTXLOLEULXPGLVWDQFHEHWZHHQWKHP$V
WKH FXWWLQJ WRRO DGYDQFHV PRUH FXWWLQJ IRUFHV RQ WKH WRRO DWRPV DOWHU WR UHSXOVLYH DQG FOLPE
SURSRUWLRQDOO\ LQDVHQVHRIDYHUDJHZLWKWKHFXWWLQJOHQJWK )URP7DEOH$LQ$SSHQGL[$ LW LV
FRQVSLFXRXV WKDW WKH YDOXHV RI WDQJHQWLDO WKUXVW DQG UHVXOWDQW IRUFHV GHFUHDVH ZLWK WKH ULVH RI
ZRUNSLHFHWHPSHUDWXUHIRUYDULRXVFU\VWDOVXUIDFHV With the increase of temperature, the amplitude 
of atomic vibration within the workpiece increases. It is regarded as an increase in the number of 
phonons. This phenomenon results in generating atomic displacements. The atomic displacements 
within the workpiece causes a rise in the interatomic distances and a decrease in the restoring forces 
owing to thermal expansion, resulting in lowering the energy needed to break the atomic bonds. As 
a consequence, thermal softening occurs which reduces the cutting force required to deform the 3C-
SiC workpiece at high temperatures. 
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Fig. 2. An MD output of the force plot showing the region where the average cutting forces and 
specific cutting energy were measured 
 
7KH PDFKLQDELOLW\ DQG FXWWLQJ UHVLVWDQFH RI PDWHULDOV FDQ EH LQGLFDWHG E\ WKH ³VSHFLILF FXWWLQJ
HQHUJ\´ ZKLFK LV WKH HQHUJ\ UHTXLUHG WR UHPRYH D XQLW DPRXQW RI PDWHULDO 7KH VSHFLILF FXWWLQJ
HQHUJLHV FDQ EH FDOFXODWHG E\ GLYLGLQJ WKH UHVXOWDQW IRUFH E\ WKH FKLS DUHD RU YROXPH DQG LW LV
H[SUHVVHG LQ 1P RU -P >@ ,Q JHQHUDO WKH ORZHU WKH VSHFLILF FXWWLQJ HQHUJ\ WKH KLJKHU WKH
HIILFLHQF\RIWKHFXWWLQJSURFHVVLV)LJVKRZVWKDWODUJHVSHFLILFFXWWLQJHQHUJ\YDOXHVFRUUHVSRQG
WRORZZRUNSLHFHWHPSHUDWXUHVVLQFHWKH&-6L&ZRUNSLHFHDWDORZWHPSHUDWXUHLVPRUHGLIILFXOWWR
EH GHIRUPHG ,W FDQ EH DOVR REVHUYHG WKDW WKH  FU\VWDO SODQH UHTXLUHV OHDVW VSHFLILF FXWWLQJ
HQHUJ\ZKLOHWKHKLJKHVWPDJQLWXGHVHPHUJHRQWKHRULHQWDWLRQ+HQFHLWFDQEHGHGXFHGWKDW
WKH  ?ത ?! FU\VWDO VHWXS LV WKH HDV\ RULHQWDWLRQ VHWXS IRU FXWWLQJ &-6L& 7KLV SDUWLFXODU
EHKDYLRXURI&-6L&LVVLPLODUWRDQRWKHULPSRUWDQWVHPLFRQGXFWRUVLOLFRQ>@7DEOHKLJKOLJKWV
WKHSHUFHQWDJHUHGXFWLRQLQWKHVSHFLILFFXWWLQJHQHUJ\GXULQJKRWQDQRPHWULFFXWWLQJZLWKUHVSHFWWR
FXWWLQJDW.RQYDURLRXVFU\VWDOVXUIDFHV,WLVREVHUYHGWKDWIRULQVWDQFHWKHVHSHFLILFFXWWLQJ
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HQHUJ\UHGXFHVXSWRZKLOHFXWWLQJWKHFU\VWDOSODQHDW.$OVRLWFDQEHLQIHUUHG
WKDWDWKLJKWHPSHUDWXUHVLH.DQG.WKHPLQLPXPUHGXFWLRQLQVSHFLILFFXWWLQJHQHUJ\
DSSHDUVRQWKHSODQHZKHUHDVDWORZHUWHPSHUDWXUHVWKHPD[LPXPUHGXFWLRQHPHUJLHVRQWKLV
SODQH)LJ LOOXVWUDWHV WKHYDULDWLRQRIFU\VWDOORJUDSK\-LQGXFHGDQLVRWURS\ LQ WKHVSHFLILF FXWWLQJ
HQHUJ\ DV D IXQFWLRQRI ZRUNSLHFH WHPSHUDWXUH ,W FDQEH VHHQ WKDW WKH DQLVRWURS\ LQFUHDVHV IURP
aDW.WRaDW.DQGDIWHUZDUGVLWGHFUHDVHVWR ~36%, ~24% and ~22% at 1700 
K, 2000 K and 3000 K, respectively7KHWUHQGLVRQWKHFRQWUDU\WRWKHDQLVWURS\LQVSHFLILFFXWWLQJ
HQHUJ\RIVLOLRFQZKHUHLWFRQVWDQWO\LQFUHDVHGZLWKWKHLQFUHDVHRIFXWWLQJWHPSHUDWXUH>@ 
 
 
)LJ6SHFLILFFXWWLQJHQHUJ\DVDIXQFWLRQRIWHPSHUDWXUHDQGFU\VWDORULHQWDWLRQ 
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Table 3. Percentage reduction in specific cutting energy of 3C-SiC at high temperatures relative to 
room temperature  
Crystal 
orientation 
% reduction in 
cutting energy at 
1400 K 
compared to 300 
K  
% reduction in 
cutting energy at 
2000 K 
compared to 300 
K 
% reduction in 
cutting energy at 
3000 K 
compared to 300 
K 
(010) Up to 19% Up to 43% Up to 60% 
(110) Up to 9% Up to 38% Up to 54% 
(111) Up to 27% Up to 33% Up to 48% 
 
 
)LJ9DULDWLRQRIDQLVRWURS\LQVSHFLILFFXWWLQJHQHUJ\DVDIXQFWLRQRIWHPSHUDWXUH 
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3.2. Chip formation and characteristics 
'XULQJ QDQRPHWULF FXWWLQJ WKH FXWWLQJ HGJH RI WKH WRRO SHQHWUDWHV LQWR WKH ZRUNSLHFH DWRPV DQG
VHSDUDWHVWKHDWRPVQHDUWKHWRROWLS7KHVHSDUDWHGDWRPVVOLGHRIIDORQJWKHUDNHIDFHRIWKHFXWWLQJ
WRRODWDFRQVWDQWYHORFLW\LQDVWDWLRQDU\IORZOHDGLQJWRWKHIRUPDWLRQRIFXWWLQJFKLS$VWDJQDQW
UHJLRQDKHDGRIWKHFXWWLQJWRROGLYLGHVWKHSODVWLFIORZLQWRXSZDUGDQGGRZQZDUGGLUHFWLRQV DV
VKRZQLQ)LJ,QRWKHUZRUGVDERYHWKHVWDJQDWLRQUHJLRQDWRPVIORZXSDORQJWKHUDNHIDFHDQG
FRQVHTXHQWO\IRUPWKHFKLS8QGHUQHDWKWKHVWDJQDWLRQUHJLRQDWRPVFRPSUHVVGRZQZDUGLQWRWKH
ZRUNSLHFHOHDGLQJWRWKHIRUPDWLRQRIWKHIUHVKO\PDFKLQHGVXUIDFH7KHORFDWLRQRIWKHVWDJQDWLRQ
UHJLRQFDQEHGHWHUPLQHGWKURXJKFDOFXODWLRQRIWKHDYHUDJHGLVSODFHPHQWRIZRUNSLHFHDWRPVLQ\
GLUHFWLRQ LQ YDULRXV OD\HUV )LJ  UHSUHVHQWV GLVSODFHPHQWV RI GLIIHUHQW OD\HUV LQ WKH ZRUNSLHFH
ZKHQ QDQRPHWULF FXWWLQJ RI &-6L& LV SHUIRUPHG RQ WKH  FU\VWDO VXUIDFH DW  . 6ORSH
DOWHUQDWLRQRIWKHGLVSODFHPHQWOLQHIURPSRVLWLYHWRQHJDWLYHLVDQLQGLFDWLRQRIWKHVWDJQDWLRQ]RQH
7REHPRUHSUHFLVHLQWKHVWDJQDWLRQUHJLRQWKHGLVSODFHPHQWOLQHKDVDQDOPRVW]HURVORSH7DEOH
VXPPDUL]HVWKHSRVLWLRQRIVWDJQDWLRQUHJLRQDQGVWDJQDWLRQDQJOHVIRUWKHVWXGLHGFDVHV 
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)LJ  6FKHPDWLF YLHZ RI FKLS IRUPDWLRQ GHPRQVWUDWLQJ WKH VWDJQDWLRQ UHJLRQ DQG ILYH GLVWLQFW
]RQHVZLWKLQWKHZRUNSLHFH,-&XW]RQH,,-%HORZWKHIODQNIDFH,,,-%HWZHHQWKHIODQNIDFHDQG
WRRO WLS ,9-$KHDG DQG XQGHUQHDWK WKH WRRO WLS 9- 8QFXW ]RQHߠ௦ଵǡଶ DQG ݄ଵǡଶ VKRZ WKH OLPLWLQJ
ERXQGVRIWKHVWDJQDWLRQUHJLRQ 
 
 
)LJ'LVSODFHPHQWRIYDULRXVOD\HUVLQ\GLUHFWLRQZKLOHFXWWLQJ&-6L&RQWKHFU\VWDOSODQH
DW. 
 
 
,WFDQEHGHGXFHGIURP7DEOHWKDWZKLOHFXWWLQJWKHFU\VWDOSODQHDWGLIIHUHQWWHPSHUDWXUHV
WKHVWDJQDWLRQUHJLRQ LV ORFDWHGDW DQXSSHUSRVLWLRQ WKDQRWKHUSODQHVZKLFK LQGLFDWHVSORXJKLQJ
FDXVHGE\FRPSUHVVLRQLVPRUHSURQRXQFHGRQWKHVXUIDFHDQGWKHUHIRUHDWKLFNHUGHIRUPHG
UHJLRQ LV H[SHFWHG WR EH JHQHUDWHG ZKLFK PD\ UHVXOW LQ KLJKHU HODVWLF UHFRYHU\ 7KH FRQYHUVH
VFHQDULRRFFXUVIRUWKHRULHQWDWLRQZKHUHWKHVWDJQDWLRQUHJLRQLVORFDWHGDWDORZHUSRVLWLRQ
WKDQ WKRVH RI RWKHU FU\VWDO RULHQWDWLRQV ,W FDQ EH DOVR LQIHUUHG WKDW DW KLJK WHPSHUDWXUHV WKH
VWDJQDWLRQ UHJLRQ LV ORFDWHG ORZHU WKDQ WKDW DW URRP WHPSHUDWXUH DWWULEXWDEOH WR WKH WKHUPDO
VRIWHQLQJDQG HQKDQFHG SODVWLFLW\RI &-6L&ZRUNSLHFH ,QWHUHVWLQJO\ LW LV IRXQG WKDW WKH&-6L&
H[KLELWV WKH VDPH JHQHUDO WUHQG REVHUYHG IRU WKH SRVLWLRQ RI VWDJQDWLRQ UHJLRQ GXULQJ QDQRPHWULF
FXWWLQJ RI VLOLFRQ DW HOHYDWHG WHPSHUDWXUHV >@ $Q DWWHPSW ZDV DOVR PDGH WR FRPSDUH WKH
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PDJQLWXGHVRIVWDJQDWLRQDQJOHDQGIULFWLRQDQJOH7KHVWDJQDWLRQDQJOHߠ௦LOOXVWUDWHGLQ)LJZDV
FDOFXODWHGIURP 
 
ߠ௦ଵǡଶ ൌ ܿ݋ݏିଵሺ ? െ௛భǡమ௥ ሻ 
ZKHUH݄ଵǡଶDQGUDUH WKHOLPLWERXQGVRIVWDJQDWLRQUHJLRQDQGWRRO WLSUDGLXVUHVSHFWLYHO\:KLOH
XVLQJDURXQGHGHGJHWRROWKHIULFWLRQDQJOHȕFDQEHDOVRFDOFXODWHGIURP 
ߚ ൌ ߙ௘௙ ൅ ݐܽ݊ିଵሺி೎ி೟ ߙ௘௙ ൌ ݏ݅݊ିଵሺ ? െ݀ݎሻ 
ZKHUHߙ௘௙VWDQGVIRUWKHHIIHFWLYHUDNHDQJOH)FDQG)WUHVSHFWLYHO\UHSUHVHQWWKHWDQJHQWLDODQG
WKUXVWIRUFHVDQGGLVWKHXQFXWFKLSWKLFNQHVV,WLVREVHUYHGIURP7DEOHWKDWXSWR.WKH
YDOXHV RI VWDJQDWLRQ DQG IULFWLRQ DQJOH DUH FORVHO\ FRUUHODWHG IRU WKH  FU\VWDOORJUDSKLF
RULHQWDWLRQ1RQHWKHOHVVWKHUHH[LVWVDGLVFUHSDQF\EHWZHHQWZRDQJOHVZKLOHFXWWLQJWKHDQG
 SODQHV RU DW KLJK WHPSHUDWXUHV LH  . DQG  . SDUWLFXODUO\ WKH GLIIHUHQFH LV PRUH
PDUNHGIRUWKHKLJKFXWWLQJWHPSHUDWXUHV 
 
7DEOH6WDJQDWLRQUHJLRQVWDJQDWLRQDQJOHDQGIULFWLRQDQJOHZKLOHFXWWLQJ&-6L& 
:RUNSLHFH 
7HPSHUDWXUH
. 
&U\VWDO
RULHQWDWLRQ 
3RVLWLRQRIVWDJQDWLRQUHJLRQ
IURPERWWRPRIWKHWRRO݄ଵǡଶ
QP 
6WDJQDWLRQDQJOHV
ߠ௦ଵǡଶGHJUHH )ULFWLRQDQJOHȕGHJUHH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,W KDV EHHQ UHSRUWHG WKDW GXULQJ QDQRPHWULF FXWWLQJ RI &-6L& RQ WKH  SODQH DW URRP
WHPSHUDWXUHFOHDYDJHRFFXUVDKHDGRIWKHFXWWLQJWRRO>@,QGHHGLWLVJHQHUDOL]HGWKDWFOHDYDJHLV
DGRPLQDQWPHFKDQLVPRQWKHFU\VWDORULHQWDWLRQDQGWKHSODQHLV WKHPRVWFRPPRQO\
REVHUYHGIUDFWXUHSODQHRI&-6L&,QRUGHUWRUHDOL]HZKHWKHUFOHDYDJHWDNHVSODFHLQQDQRPHWULF
FXWWLQJ RQ WKH YDULRXV FU\VWDOORJUDSKLF RULHQWDWLRQV DW HOHYDWHG WHPSHUDWXUHV WKH FKLS IRUPDWLRQ
SURFHVV ZDV FDUHIXOO\ H[DPLQHG DQG WKH ORFDO HQYLURQPHQW RI DWRPV XS WR WKH VHFRQG QHLJKERXU
VKHOOZDVPRQLWRUHG)LJLOOXVWUDWHVWKHFKLSIRUPDWLRQDWWKUHHVWDJHVWRJHWKHUZLWKWKHHYROXWLRQ
RI FXWWLQJ IRUFHV ZKLOH FXWWLQJ WKH  FU\VWDO VXUIDFH DW  . &U\VWDOOLWHV RI &-6L& LQ WKH
FXWWLQJFKLSFDQEHREVHUYHGVXJJHVWLQJWKHRFFXUUHQFHRIFOHDYDJHDWKLJKWHPSHUDWXUHRI.
,QIDFWWKHFOHDYDJHZDVREVHUYHGWRRFFXUIRUDOOWKHVLPXODWHGWHPSHUDWXUHV.-.ZKLOH
FXWWLQJWKHVXUIDFHZKLFKKDYHQRWEHHQVKRZQKHUHIRUWKHSXUSRVHRIEUHYLW\+RZHYHUDW
KLJKWHPSHUDWXUHRI.VPDOOHUDPRXQWRIFU\VWDOOLWHVZHUHREVHUYHGLQWKHFKLSLQFRPSDULVRQ
WR WKRVH RI ORZHU WHPSHUDWXUHV SODXVLEO\ GXH WR LPSURYHG SODVWLFLW\ DW WKLV WHPSHUDWXUH 7KH
VXEVWDQWLDOGRPLQDQFHRI WKH  FOHDYDJHSODQHFDQEHDWWULEXWHG WR WKH ORZHUFOHDYDJHHQHUJ\
DQGIUDFWXUHVXUIDFHHQHUJ\RIWKLVSODQHDVRSSRVHGWR WKHRWKHUFU\VWDORULHQWDWLRQV7KLVVSHFLILF
FKDUDFWHULVWLF RI &-6L& LV FRPSDUDEOH ZLWK WKDW RI GLDPRQG >@ $V HYLGHQW IURP )LJ  E
FXWWLQJIRUFHVH[SHULHQFHDQDEUXSWGURSDWWKHSRLQWVZKHUHFOHDYDJHRFFXUVUHVXOWDQWIURPIODNLQJ
RIIWKHFU\VWDOOLWHRI&-6L&ZLWKRXWXQGHUJRLQJDPRUSKL]DWLRQ7KXVDV WKHFXWWLQJWRROGRHVQRW
FDUU\RXWDQ\ZRUNRQDSRUWLRQRIDWRPVWKHFXWWLQJIRUFHGURSV>@ 
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D 
 
E 
)LJ  D 6QDSVKRWV IURP WKH 0' VLPXODWLRQ ZKLOH FXWWLQJ WKH  FU\VWDO SODQH DW  .
GHPRQVWUDWLQJWKHRFFXUUHQFHRIFOHDYDJHDWWKUHHVWDJHVDQGEWKHFRUUHVSRQGLQJGURSVRIFXWWLQJ
IRUFHV 
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:KLOHFOHDYDJHLVDQWLFLSDWHGWREHGRPLQDQWRQWKHRULHQWDWLRQDVKLIWWRWKHFOHDYDJH
DW WKHFXWWLQJWHPSHUDWXUHVKLJKHUWKDQ.ZDVVHHQGXULQJQDQRPHWULFFXWWLQJSURFHVVHV DV
VKRZQLQ)LJ ,W LVRIQRWH WKDW WKHHYHQWRIFOHDYDJHZDVREVHUYHG WRRFFXUDORQJVLGHZLWK WKH
IRUPDWLRQ DQG DQQLKLODWLRQ RI VWDFNLQJ IDXOW-FRXSOH ORFNV DQG FURVV-MXQFWLRQV EHWZHHQ SDLUV RI
FRXQWHUVWDFNLQJIDXOWV>@6XFKFOHDYDJHHYHQWLVLQDFFRUGZLWKWKHHDUOLHUREVHUYDWLRQVRQ
WKHGLDPRQGXQGHUEOXQWLQGHQWDWLRQVDWKLJKWHPSHUDWXUH>@ZKHUHVKHDUVWUHVVHVDQGSODVWLFIORZ
DUH WKRXJKW WRGLFWDWH WKHIDLOXUHDQG WKHVWUHVV ILHOGVDUH LQKRPRJHQHRXV ,W VKRXOGEH PHQWLRQHG
KHUH WKDW WKHGLDPRQGVKDUHV WKHVDPHFXELF ODWWLFHVWUXFWXUH LQ LWVVSERQGHGVWDWHZLWK&-6L&
+HQFH VLPLODULWLHV LQ WKH PDWHULDO EHKDYLRXU XQGHU FRQWDFW ORDGLQJ SUREOHPV FRXOG EH H[SHFWHG
1RWHWKDWYHU\VPDOODPRXQWRIUHPQDQWVRIFOHDYDJHZDVREVHUYHGIRUVRPHRWKHUFDVHVLHRQWKH
DQGDW. 
 
 
)LJ  6QDSVKRW IURP WKH 0' VLPXODWLRQ VKRZLQJ WKH HYHQW RI FOHDYDJH ZKLOH FXWWLQJ WKH 
FU\VWDOSODQHDW. 
 
)URP )LJ  LW FDQ EH REVHUYHG WKDW WKH QXPEHU RI DWRPV LQ WKH FXWWLQJ FKLS LQFUHDVHV ZLWK WKH
LQFUHDVH RI ZRUNSLHFH WHPSHUDWXUH H[FHSW IRU WKH  FU\VWDO SODQH DW  . 0RUHRYHU WKH
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KLJKHVWQXPEHURIDWRPV LQ WKHFKLSDSSHDUVRQ WKH SODQHKRZHYHU LWGURSVDW.$V
PHQWLRQHGHDUOLHUODUJHYROXPHRIFOHDYDJHLVRFFXUUHGZKLOHFXWWLQJWKHFU\VWDOSODQHWKXVLW
LV VHQVLEOH WR REVHUYH KLJKHU QXPEHU RI DWRPV LQ WKH FKLS ZKLOH FXWWLQJ WKH  SODQH
)XUWKHUPRUHDVVHHQ LQ)LJ WKHGHSWKRIVXEVXUIDFHGHIRUPDWLRQ OD\HUEHFRPHVGHHSHUZKHQ
WKH WHPSHUDWXUH RI ZRUNSLHFH ULVHV$V QRWHG HDUOLHU LQFUHDVH RI WKH ZRUNSLHFH WHPSHUDWXUH ZLOO
ZHDNHQ LQWHUDWRPLF ERQGLQJ ZKLFK WULJJHUV PRUH FU\VWDO GHIRUPDWLRQ ZLWKLQ VXEVXUIDFH DWRPV
7KXVWKHOD\HUGHSWKRIGHIRUPDWLRQEHFRPHVODUJHU 7KLVVSHFLILFEHKDYLRXUVHHPLQJO\DSSHDUVWR
EHFRPPRQLQERWKVLQJOHFU\VWDO&-6L&DQGVLOLFRQ>@$QRWKHUOLJKWFDQEHEURXJKWE\)LJLV
WKDW WKHGHSWKRI VXEVXUIDFHGHIRUPDWLRQ OD\HU LV WKHKLJKHVW RQ WKH SODQHZKHUHDV LW LV WKH
ORZHVW RQ WKH  RULHQWDWLRQ 7KH RFFXUUHQFH RI FOHDYDJH DQG SURQRXQFHG SORXJKLQJ GXH WR
FRPSUHVVLRQDVDUHVXOWRIWKHXSSHUSRVLWLRQRIVWDJQDWLRQUHJLRQRQWKHSODQHFRXOGKDYHWKH
NH\UROHLQWKLVREVHUYDWLRQ 
 
 
)LJ  1XPEHU RI DWRPV LQ WKH FXWWLQJ FKLS DV D IXQFWLRQ RI FXWWLQJ WHPSHUDWXUH DQG FU\VWDO
RULHQWDWLRQ 
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)LJ  6XEVXUIDFH GHIRUPDWLRQ OD\HU GHSWK DV D IXQFWLRQ RI FXWWLQJ WHPSHUDWXUH DQG FU\VWDO
RULHQWDWLRQ 
 
)LJVKRZVWKHYDULDWLRQRIUHVXOWDQWIRUFHH[HUWHGE\WKHWRROUDNHIDFHRQWKHFKLSDQGIULFWLRQ
FRHIILFLHQW DW WKH WRRO UDNH IDFHFKLS LQWHUIDFH ZKLOH FXWWLQJ &-6L& RQ GLIIHUHQW FU\VWDOORJUDSKLF
SODQHVDWYDULRXVWHPSHUDWXUHV&OHDUO\WKHYDOXHVRIUHVXOWDQWIRUFHH[HUWHGE\WKHWRROUDNHIDFHRQ
WKHFKLSDUHIRXQGWREHVPDOOHVWZKLOHFXWWLQJ&-6L&RQWKHFU\VWDOSODQHZKHUHDVWKH\DUH
ODUJHVWRQWKHRULHQWDWLRQZKLFKLVFRQVLVWHQWZLWKWKHSUHYLRXVREVHUYDWLRQVLQWKLVVWXG\7KH
IULFWLRQFRHIILFLHQWDW WKH WRRO UDNH IDFHFKLS LQWHUIDFHYDULHV IURP WRRQGLIIHUHQWFU\VWDO
SODQHV DQG WHPSHUDWXUHV ,W PD\ EH QRWHG WKDW WKH IULFWLRQ FRHIILFLHQW LV PLQLPXP RQ WKH 
RULHQWDWLRQ $ UHPDUNDEOH REVHUYDWLRQ LV WKDW WKH IULFWLRQ FRHIILFLHQW DW WKH WRRO UDNH IDFHFKLS
LQWHUIDFHRQWKHDQGRULHQWDWLRQVLQFUHDVHVLQWKHWHPSHUDWXUHUDQJHRI.WR.
DQG  . WR  . UHVSHFWLYHO\ DV RSSRVHG WR WKH  FU\VWDO SODQH ZKHUH WKH IULFWLRQ
FRHIILFLHQWFRQVWDQWO\GHFUHDVHVZLWKWKHLQFUHDVHRIZRUNSLHFHWHPSHUDWXUH 
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)LJ  9DULDWLRQV RI WKH UHVXOWDQW IRUFH H[HUWHG E\ WKH WRRO UDNH IDFH RQ WKH FKLS DQG IULFWLRQ
FRHIILFLHQW DW WKH WRRO UDNH IDFHFKLS LQWHUIDFH ZKLOH FXWWLQJ &-6L& RQ GLIIHUHQW FU\VWDOORJUDSKLF
SODQHVDWYDULRXVWHPSHUDWXUHV 
 
7KH WKHRU\ RI KHDW UHOHDVH LQ WKH SULPDU\ VHFRQGDU\ DQG WHUWLDU\ GHIRUPDWLRQ ]RQHV LV ZHOO
GRFXPHQWHG'XULQJQDQRPHWULFFXWWLQJKHDWLVJHQHUDWHGRZLQJWRWKHHQHUJ\UHOHDVHDVDUHVXOWRI
WKHEUHDNLQJDQGUHIRUPDWLRQRIERQGVLQWKHSULPDU\GHIRUPDWLRQ]RQHDQGRZLQJWRWKHIULFWLRQDW
WKHLQWHUIDFHRIWKHFXWWLQJWRRODQGWKHZRUNSLHFH 7KHJHQHUDWHGKHDWLQWKHSULPDU\GHIRUPDWLRQ
]RQH LV WUDQVIHUUHG LQWR WKHFKLS WKXV WKHFKLSFDUULHVDJUHDWDPRXQWRIKHDWGXULQJ LWVVHSDUDWLRQ
IURP WKH ZRUNSLHFH 7R LQYHVWLJDWH WKH KHDW JHQHUDWHG GXULQJ FKLS IRUPDWLRQ SURFHVV DQG
FRQVHTXHQWO\WKHH[WHQWRIWHPSHUDWXUHLQFUHDVHGXHWRWKHJHQHUDWHGKHDWIURPWKHLQLWLDOVXEVWUDWH
WHPSHUDWXUHDQHOHPHQWDODWRPLFYROXPHîîQPincluding 442 atoms)ZDVFRQVLGHUHGLQWKH
SULPDU\GHIRUPDWLRQ]RQHDQGWKHYDULDWLRQVRIWKHWHPSHUDWXUHZHUHPRQLWRUHGRQWKLVYROXPH,W
FDQEHREVHUYHGIURP)LJWKDWZKLOHFXWWLQJWKHSODQHLQWKHWHPSHUDWXUHUDQJHRI.WR
.WKHH[WHQWRIWHPSHUDWXUHLQFUHDVHFDXVHGE\WKHJHQHUDWHGKHDWLQWKHGHIRUPDWLRQ]RQHLV
PXFKKLJKHUWKDQWKRVHRIRWKHUFU\VWDOVXUIDFHVDWWULEXWDEOHWRWKHUHOHDVHRIHODVWLFHQHUJ\LQWKH
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IRUPRIKHDWGXULQJRFFXUUHQFHRIFOHDYDJHRQWKLVFU\VWDOORJUDSKLFRULHQWDWLRQ+RZHYHUDW
. WKH DPRXQW RI UHOHDVH RI KHDW LV VPDOOHU WKDQ WKRVH DW ORZHU WHPSHUDWXUHV GXH WR WKH ZHDNHU
ERQGLQJEHWZHHQDWRPV$VVWDWHGDERYHWKHJHQHUDWHGKHDWLQWKHGHIRUPDWLRQUHJLRQLVGLVVLSDWHG
LQWRWKHFKLSWKXVLWLVQRWVXUSULVLQJWRVHHWKHVLPLODUWUHQGIRUWKHFKLSWHPSHUDWXUHDVGHSLFWHGLQ
)LJ,WPXVWEHPHQWLRQHGKHUHWKDWWKHUHPD\H[LVWVRPHLQFRQVLVWHQFLHVLQWKHREVHUYHGWUHQGV
LQWKLVVWXG\VLQFHDPXOWLIDFHWHGLQWHUSOD\RIYDULRXVYDULDEOHVVXFKDVDGKHVLYHIRUFHVLQWHUIDFLDO
HQHUJLHV FRQWDFW DUHDV QXPEHU RI GDQJOLQJ ERQGV QDQRVFDOH IULFWLRQ HWF FKDQJHV ZLWK WKH
WHPSHUDWXUHDQGFU\VWDOORJUDSKLFRULHQWDWLRQGXULQJQDQRPHWULFFXWWLQJDWHOHYDWHGWHPSHUDWXUHV 
 
 
)LJ([WHQWRIWHPSHUDWXUHLQFUHDVHLQWKHSULPDU\GHIRUPDWLRQ]RQHGXULQJFKLSIRUPDWLRQ 
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)LJ&KLSWHPSHUDWXUHDVDIXQFWLRQRIFXWWLQJWHPSHUDWXUHDQGFU\VWDOSODQH 
 
 
3.3. Plastic flow behaviour 
,Q RUGHU WR LQYHVWLJDWH WKH SODVWLF GHIRUPDWLRQ PHGLDWHG IORZ EHKDYLRXU RI &-6L& GXULQJ
QDQRPHWULFFXWWLQJWKHDWRPLFIORZILHOGLQYDULRXV]RQHVRIWKHZRUNSLHFHZDVGHWHUPLQHG)LJ
LOOXVWUDWHVWKHGLVSODFHPHQWYHFWRURIDWRPVDIWHUQPRIFXWWLQJDW.RQWKHDQG
RULHQWDWLRQV$YHU\FOHDUGLVWULEXWLRQRIDWRPLFIORZILHOGLVDSSDUHQWLQYDULRXV]RQHVRIWKH
ZRUNSLHFH ,W FDQ EH GUDZQ IURP )LJ  WKDW WKH DWRPV EHQHDWK WKH FXWWLQJ WRRO LQ UHJLRQ ǿǿǿ
H[SHULHQFH D URWDWLRQDO IORZ7KLV SDUWLFXODU IORZ EHKDYLRXU RI &-6L& LV DQDORJRXV WR ZKDW ZDV
REVHUYHG LQ RXU SUHYLRXV VWXG\ FRQFHUQLQJ QDQRPHWULF FXWWLQJ RI VLOLFRQ >@ DQG RWKHU PDWHULDOV
>@1HYHUWKHOHVV WKHUHDUH VRPHGLVFUHSDQFLHV LH LQ UHJLRQ ǿ9 WKHPRWLRQRIDWRPVDORQJ WKH
FXWWLQJGLUHFWLRQLVPXFKPRUHPDUNHGIRUWKH&-6L&WKDQVLOLFRQZRUNSLHFH,QSDUWLFXODUZLWKWKH
RULHQWDWLRQDW. WKHPRYHPHQWRIDWRPVDORQJ WKH ሾ ?ത ?ത ?തሿGLUHFWLRQDOWHUV WR WKH ሾ ?ത ? ?തሿ
7KLVEHKDYLRXUFDQEHDWWULEXWHG WR WKHRFFXUUHQFHRIFOHDYDJHDKHDGRI WKH FXWWLQJ WRRO$QRWKHU
GLIIHUHQFHLVWKDWWKHDWRPVLQUHJLRQ,WHQGWRPRYHXSZDUGVUDWKHUWKDQGRZQZDUGVDQGEDFNZDUGV
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REVHUYHG IRU WKH VLOLFRQ7KH XSZDUGV PRWLRQ RI &-6L& DWRPV LV PRUH UHPDUNDEOH RQ WKH 
VXUIDFHSODXVLEO\GXHWRWKHKLJKHUHODVWLFUHFRYHU\DVDFRQVHTXHQFHRIKLJKHUUDWLRRIKDUGQHVVWR
<RXQJ¶VPRGXOXV +(DQGXSSHUSRVLWLRQRI VWDJQDWLRQ UHJLRQ VHH VHFWLRQRQ WKLVFU\VWDO
RULHQWDWLRQ DV RSSRVHG WR WKH RWKHU SODQHV 6LPLODU WR VLOLFRQ WKH FHQWUH RI URWDWLRQDO IORZ
XQGHUQHDWKWKHWRROZKLOHFXWWLQJ&-6L&RQWKHRULHQWDWLRQZDVIRXQGWREHSRVLWLRQHGORZHU
WKDQ WKRVH RI RWKHU FU\VWDO VXUIDFHV ZKLFK DVVLVWV D PRUH HIIHFWLYH IORZ RI WKH DWRPV ZLWKLQ WKH
ZRUNSLHFH ,WFDQ WKHUHIRUH IDFLOLWDWH WKHFKLS IRUPDWLRQDQGPDWHULDO UHPRYDOGXULQJQDQRPHWULF
FXWWLQJSURFHVV7KLVREVHUYDWLRQFRXOGFRQILUPZK\WKHORZHVWVSHFLILFFXWWLQJHQHUJ\ZDVUHDOL]HG
RQWKHSODQH 
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)LJ  $WRPLF IORZ ILHOG LQ WKH;< SODQH GXULQJ QDQRPHWULF FXWWLQJ RI &-6L& RQ WKH YDULRXV
FU\VWDOSODQHVDW.7KHORFDWLRQRIWKHFXWWLQJWRROLQFRQQHFWLRQZLWKWKHGLIIHUHQWUHJLRQVFDQ
EHWUDFHGIURP)LJ 
 
$V FDQ EH VHHQ IURP )LJ  ZKHQ QDQRPHWULF FXWWLQJ RI &-6L& LV FDUULHG RXW DW  . WKH
URWDWLRQDOIORZRIWKHDWRPVLQUHJLRQǿǿǿLVSUDFWLFDOO\HOLPLQDWHG7KLVIDFWLVPRUHGLVFHUQLEOHIRU
WKHFU\VWDOORJUDSKLFRULHQWDWLRQDQGDWRPVVKRZDOLWWOHWXUEXOHQFHIORZ0RUHRYHUDVDUHVXOW
RIZHDNYDQGHU:DDOV LQWHUDFWLRQVEHWZHHQDWRPVDWKLJK WHPSHUDWXUHRI. WKHZRUNSLHFH
DWRPVKDYHWHQGHQF\WRPRYHDORQJWKHFXWWLQJGLUHFWLRQ$QRWKHUQRWDEOHIHDWXUHLVWKHH[LVWHQFHRI
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XSZDUGPRWLRQRIDWRPVLQUHJLRQ,HYHQDWKLJKWHPSHUDWXUHRI.$FFRUGLQJO\RQHZRXOG
H[SHFW WRSHUFHLYH HODVWLF UHFRYHU\ DW WKLV WHPSHUDWXUH7KH UHDVRQ IRU VXFKREVHUYDWLRQFRXOGEH
WUDFHGDWWKHPHOWLQJSRLQWRI&-6L&SUHGLFWHGE\WKH$%23IXQFWLRQ$FRPPRQSUREOHPLQWULQVLF
WR ERQG RUGHU SRWHQWLDOV %23 IRU VHPLFRQGXFWRUV LV WKH RYHUHVWLPDWLRQ RI PHOWLQJ SRLQW $Q
DWWHPSW ZDV PDGH WR FDOFXODWH WKH PHOWLQJ SRLQW RI &-6L& SUHGLFWHG E\$%23 XVLQJ RQH-SKDVH
PHWKRG DQG DGRSWLQJ UHIOHFWLYH ERXQGDULHV WR GLPLQLVK WKH K\VWHUHVLV SKHQRPHQRQ >-@ 7KH
SKDVH LQVWDELOLW\ DQG HQWLUHO\ PROWHQ WHPSHUDWXUH RI D  ? ?ൈ  ? ?ൈ  ? ? VXSHUFHOO ZHUH REVHUYHG DW
.DQG.UHVSHFWLYHO\ZKLFKDUHIDUDERYHWKHH[SHULPHQWDOYDOXHa. 7KHUHIRUH
VDWLVIDFWRU\WKHUPDOVRIWHQLQJDQGLQWXUQGHFOLQHRIHODVWLFUHFRYHU\ZKLFKRXJKWWREHRFFXUUHGDW
KLJKWHPSHUDWXUHRI.FDQQRWEHDFKLHYHG 
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)LJ  $WRPLF IORZ ILHOG GXULQJ QDQRPHWULF FXWWLQJ RI &-6L& RQ WKH YDULRXV FU\VWDOORJUDSKLF
VXUIDFHVDW. 
 
 
3.4. Stress, temperature and wear of the cutting edge of the tool 
)LJVDQGGHPRQVWUDWHWKHYDULDWLRQRIDYHUDJHYRQ0LVHVVWUHVVDQGWHPSHUDWXUHPHDVXUHGRQ
WKHFXWWLQJHGJHRIWKHGLDPRQGFXWWLQJWRROGXULQJQDQRPHWULFFXWWLQJRIVLQJOHFU\VWDO&-6L&RQ
GLIIHUHQW FU\VWDOORJUDSKLFRULHQWDWLRQVDWGLIIHUHQW WHPSHUDWXUHV Table 1B in Appendix B lists the 
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average magnitude of YRQ 0LVHV VWUHVV PHDVXUH 7UHVFD VWUHVV PHDVXUH DQG WHPSHUDWXUH RQ WKH
FXWWLQJHGJHLQDOOWKHVLPXODWHGWHVWFDVHV.  
 
 
)LJ9DULDWLRQRIWKHYRQ0LVHVVWUHVVPHDVXUHGRQWKHFXWWLQJHGJHRIWKHGLDPRQGWRROZKLOH
FXWWLQJGLIIHUHQWRULHQWDWLRQVRI&-6L&DWGLIIHUHQWFXWWLQJWHPSHUDWXUHV 
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)LJ9DULDWLRQRI WHPSHUDWXUHPHDVXUHGRQ WKHFXWWLQJHGJHRI WKHGLDPRQG WRROZKLOH FXWWLQJ
GLIIHUHQWRULHQWDWLRQVRI&-6L&DWGLIIHUHQWFXWWLQJWHPSHUDWXUHV 
 
It can be observed from Fig. 16 that WKHFXWWLQJWRROH[SHULHQFHVOHDVWVWUHVVDQGWHPSHUDWXUHRQWKH
FU\VWDOSODQHFRPSDUHG WRRWKHUVZKLFKPDNHV LW DQHDV\FXWWLQJSODQHFRQVLVWHQWZLWK WKH
REVHUYHG WUHQG LQFULWLFDOYRQ0LVHVVWUHVV WRFDXVH\LHOGLQJRI&-6L&GXULQJQDQRPHWULFFXWWLQJ
>@%HVLGHV WKHYDOXHVRI VWUHVVHVRQ WKH FXWWLQJ HGJHGHFUHDVH ZLWK WKH LQFUHDVHRIZRUNSLHFH
WHPSHUDWXUH IRU WKH GLIIHUHQW FU\VWDOORJUDSKLF SODQHV7KH PDJQLWXGHV RI 0LVHV VWUHVV DQG7UHVFD
VWUHVVDFWLQJRQWKHFXWWLQJHGJHRIWKHFXWWLQJWRRODWORZDQGKLJKWHPSHUDWXUHVDUHIRXQGWREHLQ
WKHUDQJHRIWR*3DDQGWR*3DUHVSHFWLYHO\&OHDUO\WKHVWUHVVYDOXHVDUHORZHUWKDQ
*3D>@ZKLFKLVWKHPLQLPXPVWUHVVREWDLQHGE\ILUVW-SULQFLSOHFDOFXODWLRQWRFDXVHVWUXFWXUDO
LQVWDELOLW\LQWKHGLDPRQGVWUXFWXUH+RZHYHUDVFDQEHVHHQLQ)LJWKHDYHUDJHWHPSHUDWXUHRQ
WKH FXWWLQJ HGJH VSDQV IURP  . WR  . IRU WKH GLIIHUHQW ZRUNSLHFH WHPSHUDWXUHV DQG
FU\VWDOORJUDSKLFRULHQWDWLRQV$UHSUHVHQWDWLYHLOOXVWUDWLRQRIWKHWHPSHUDWXUHGLVWULEXWLRQRQDWRPV
ZKLOHFXWWLQJWKHFU\VWDOSODQHDW.LVJLYHQLQ)LJ7KHPD[LPXPWHPSHUDWXUHRQ
WKHGLDPRQGWRROLVREVHUYHGRQWKHDWRPVQHDUWKHFXWWLQJHGJH1RWHWKDWWKHWUDQVLHQWWHPSHUDWXUH
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DWVRPHDWRPVRQWKHFXWWLQJHGJHPLJKWUHDFK.EXWGXHWRKLJKKHDWFRQGXFWLYLW\RIGLDPRQG
DQG XVDJH RI WKHUPRVWDWLF DWRPV WR DVFHUWDLQ SODXVLEOH RXWZDUG KHDW FRQGXFWLRQ DZD\ IURP WKH
PDFKLQHG]RQHZKLFKLVFDUULHGDZD\E\FXWWLQJFKLSVDQGOXEULFDQWVGXULQJDFWXDOPDFKLQLQJWKH
DYHUDJHWHPSHUDWXUHRQWKHFXWWLQJHGJHLVLQWKHUDQJHRI.WR. 
 
 )LJ 7HPSHUDWXUHGLVWULEXWLRQRQDWRPVZKLOHFXWWLQJWKHFU\VWDOSODQHDW. 
 
 
)LJ7KHKDUGQHVVRIGLDPRQGDVDIXQFWLRQRIWHPSHUDWXUH>@ 
 
$VFLWHGE\&DLHWDO>@KLJKWHPSHUDWXUH DGYHUVHO\LQIOXHQFHVWKHKDUGQHVVRIGLDPRQGLHWKH
KDUGQHVVRIGLDPRQGGURSVZLWKWKHULVHRIWHPSHUDWXUHDVLOOXVWUDWHGLQ)LJ,WFDQEHREVHUYHG
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WKDW WKHKDUGQHVVRIGLDPRQGGHFUHDVHVWRa*3DDQGa*3DUHVSHFWLYHO\DW WHPSHUDWXUHVRI
.DQG.2QWKHRWKHUKDQGDWWKHVHWHPSHUDWXUHVLH.DQG.WKHDYHUDJHYRQ
0LVHVVWUHVVDFWLQJRQWKHFXWWLQJHGJHLVIRXQGWREH*3DZKLOHFXWWLQJWKHVXUIDFHDQG
 *3D ZKLOH FXWWLQJ WKH  SODQH UHVSHFWLYHO\$FFRUGLQJO\ LW LV QRW VXUSULVLQJ WR ZLWQHVV
SODVWLF GHIRUPDWLRQ RI FXWWLQJ WRRO DQG WRRO ZHDU YLD DWRP-E\-DWRP DWWULWLRQ GXULQJ QDQRPHWULF
FXWWLQJRI&-6L&DWGLIIHUHQWWHPSHUDWXUHVDVGHPRQVWUDWHGLQ)LJ,WLVRIQRWHWKDWXSWRWKH
ZRUNSLHFHWHPSHUDWXUHRI.DEUDVLYHDFWLRQEHWZHHQDWRPVRIGLDPRQGFXWWLQJWRRODQG&-
6L& ZRUNSLHFH FXOPLQDWHV LQ LQFUHDVLQJ WKH WHPSHUDWXUH RQ WKH FXWWLQJ HGJH +RZHYHU DW KLJKHU
WHPSHUDWXUHV GXH WR HQKDQFHG WKHUPDO VRIWHQLQJ DQG GHFUHDVH RI WKH KDUGQHVV RI ZRUNSLHFH
DEUDVLYHDFWLRQZRXOGEHPLWLJDWHGKHQFHDVOLJKWGHFUHDVHLQWKHWHPSHUDWXUHRQWKHFXWWLQJHGJHLV
YLVLEOH LQ)LJ&RQVHTXHQWO\ LW FDQEHVHHQ IURP)LJE WKDWDW DZRUNSLHFH WHPSHUDWXUHRI
. WKHDWRP-E\-DWRPDWWULWLRQZHDU LV TXDQWLWDWLYHO\ OHVV VHYHUH WKDQ WKDWRI.ZKLFK
FRUUHODWHVKLJKO\ZLWKWKHDPRXQWRIVWUHVVHVRQWKHFXWWLQJHGJHDWWKHVHWHPSHUDWXUHV0RUHRYHU
WKH VKDSH RI WKH FXWWLQJ WRRO LV IRXQG WR EH VRPHZKDW GHIRUPHG ZKLOH FXWWLQJ DW  . LQ
FRPSDULVRQ ZLWK WKDW RI  . 7KHVH REVHUYDWLRQV FRQILUP WKDW ZKLOH FXWWLQJ DW KLJK
WHPSHUDWXUHVWKHDWRP-E\-DWRPDWWULWLRQZHDUDQGSODVWLFGHIRUPDWLRQRIWKHGLDPRQGFXWWLQJWRRO
FRXOGEHDOOHYLDWHG+RZHYHUFKHPLFDOZHDU LHGLVVROXWLRQ-GLIIXVLRQDQGDGKHVLRQZHDUPD\EH
DFFHOHUDWHGDWKLJKWHPSHUDWXUHV 
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(a) 
 
 
(b) 
)LJ  $WRP-E\-DWRP DWWULWLRQ ZHDU DQG SODVWLF GHIRUPDWLRQ RI GLDPRQG FXWWLQJ WRRO ZKLOH
QDQRPHWULFFXWWLQJRI&-6L&DWD.E. 
 
 
&RQFOXVLRQV 
'XHWRVXSHULRUSURSHUWLHVRI&-6L&WKLVPDWHULDOKDVEHHQLQWKHFHQWUHRIIRFXVDVDFRPSRXQG
VHPLFRQGXFWRUWREHXWLOL]HGLQWKHIDEULFDWLRQRIGHYLFHVRSHUDWLQJXQGHUKDUVKFRQGLWLRQVOHDGLQJ
WRDSRWHQWLDOGHPDQGIRUFRVWHIIHFWLYHPDQXIDFWXULQJRIFRPSOH[&-6L&FRPSRQHQWVZLWKPLUURU
ILQLVK 1DQRPHWULF FXWWLQJ LV QRZ DQ HVWDEOLVKHG XOWUD-SUHFLVLRQ PDQXIDFWXULQJ PHWKRG WR REWDLQ
PLUURU ILQLVK DQG GDPDJH-IUHH VXUIDFHV ZLWK VLJQLILFDQW FRVW UHGXFWLRQ +RZHYHU LQ QDQRPHWULF
FXWWLQJ RI EULWWOH PDWHULDOV LH &-6L& WKH GLDPRQG WRRO IDFHV WUHPHQGRXV FXWWLQJ UHVLVWDQFH ,Q
VXFK FDVHV PHWKRGV DUH UHTXLUHG WR EH LGHQWLILHG WR UHGXFH WKH FXWWLQJ UHVLVWDQFH RIIHUHG E\ WKH
VXEVWUDWHVRDV WR LPSURYH WKHPDFKLQDELOLW\$FRPPRQXQGHUVWDQGLQJDERXW&-6L&LV WKDWKLJK
WHPSHUDWXUHUHGXFHVWKH\LHOGVWUHQJWKDQGKDUGQHVVDQGLPSURYHVWKHIUDFWXUHWRXJKQHVVZKLFKLQ
WXUQLPSURYHVLWVSODVWLFGHIRUPDWLRQ+RZHYHULWVH[WHQWKDVQHYHUEHHQUHSRUWHGDVWKLVNQRZKRZ
FRXOG EH YLWDO LQ LPSOHPHQWLQJ WKH KRW PDFKLQLQJ RI &-6L& ZLWK WKH DVVLVWDQFH RI /DVHU
SURFHVVLQJ 7KLV SURFHVV FDQ RSHQ XS QHZ KRUL]RQV IRU QHZ FRPPHUFLDO WHFKQRORJLFDO DQG
VFLHQWLILF GHYHORSPHQWV LQ WKH DUHD RI PDQXIDFWXULQJ RI &-6L& VSDFH-EDVHG ODVHU PLUURUV KLJK
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WHPSHUDWXUH HOHFWURQLFV DQG VHQVRUV XVHG LQ VSDFHFUDIWV DQG DLUFUDIWV SRZHU GHYLFHV PLFURZDYH
HOHFWURQLFV XVHG LQ UDGDU V\VWHPV DQG RWKHU DSSOLFDWLRQV LQ WKH ELRPHGLFDO VHFWRU 7DNLQJ LQWR
DFFRXQW WKH DIRUHPHQWLRQHG SRLQWV 0' VLPXODWLRQ ZDV HPSOR\HG WR LQYHVWLJDWH WKH SURFHVV RI
QDQRPHWULF FXWWLQJ RI &-6L& RQ GLIIHUHQW FU\VWDOORJUDSKLF SODQHV LH WKH   DQG 
XQGHUDZLGHUDQJHRIZRUNSLHFHWHPSHUDWXUHV.-.LQRUGHUWRVKHGVRPHOLJKWRQWKH
PHFKDQLVPVLQYROYHGLQWKLVSURFHVV7KHSULPDU\ILQGLQJVDUHDVIROORZV 
1. The anisotropy in the specific cutting energy initially increased with the increase of 
cutting temperature up to 1400 K and then decreased at higher temperatures i.e. 1700 K 
and 2000 K.  
2. The stagnation region was seen to be positioned at a lower position on the (110) crystal 
plane or at elevated temperatures. Further analysis revealed that the stagnation and 
friction angles were closely correlated while cutting the (110) crystal plane in the 
temperature range of 300 K-1400 K. 
3. A shift to the (110) cleavage at the cutting temperatures higher than 2000 K was 
witnessed. Moreover, crystallites of 3C-SiC in the cutting chip was observed in the all 
simulated temperatures while cutting the (111) plane. Nevertheless, at 3000 K, the 
amount of cleavage was smaller than those of lower temperatures. 
4. The increase of cutting temperature led to the formation of deeper subsurface 
deformation layer. Maximum damage depth for the preferred cleavage plane of the (111) 
was found to be consistently larger than those of other planes. 
5. 7KHYDOXHVRIUHVXOWDQWIRUFHH[HUWHGE\WKHWRROUDNHIDFHRQWKHFXWWLQJFKLSZHUHIRXQG
WREHVPDOOHVWZKLOHFXWWLQJ&-6L&RQWKHFU\VWDOSODQHZKHUHDVWKH\ZHUHODUJHVW
RQ WKH  VXUIDFH )XUWKHUPRUH WKH IULFWLRQ FRHIILFLHQW DW WKH WRRO UDNH IDFHFKLS
LQWHUIDFHZDVPLQLPXPRQWKHRULHQWDWLRQ7KHIULFWLRQFRHIILFLHQWDWWKHWRROUDNH
IDFHFKLSLQWHUIDFHRQWKHZDVREVHUYHGWRFRQVWDQWO\GHFUHDVHZLWKWKHLQFUHDVHRI
ZRUNSLHFHWHPSHUDWXUH 
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6. 0XFK KLJKHU H[WHQW RI WHPSHUDWXUH LQFUHDVH FDXVHG E\ WKH JHQHUDWHG KHDW LQ WKH
GHIRUPDWLRQ UHJLRQ ZDV ZLWQHVVHG ZKLOH FXWWLQJ WKH  SODQH LQ WKH FXWWLQJ
WHPSHUDWXUH UDQJH RI  . WR  SODXVLEO\ GXH WR RFFXUUHQFH RI FOHDYDJH RQ WKLV
FU\VWDOORJUDSKLFRULHQWDWLRQ 
7. $WRPV EHQHDWK WKH FXWWLQJ WRRO ZHUH IRXQG WR H[SHULHQFH D URWDWLRQDO IORZ ZKLFK LV
SUDFWLFDOO\DQDORJRXVWRWKHSODVWLFIORZEHKDYLRXURIVLOLFRQ7KHHOLPLQDWLRQRIYRUWH[
IORZ DW WKH FXWWLQJ WHPSHUDWXUH RI  . ZDV PRUH PDQLIHVW IRU WKH 
FU\VWDOORJUDSKLFRULHQWDWLRQWKDQRWKHUVXUIDFHV 
8. $FFRUGLQJWRWKHVWUHVVVWDWHRQWKHFXWWLQJHGJHRIWKHGLDPRQGFXWWLQJWRRO WKHDWRP-
E\-DWRPDWWULWLRQZHDUDQGSODVWLFGHIRUPDWLRQRIWKHGLDPRQGFXWWLQJWRROZHUHVHHQWR
EH DOOHYLDWHG ZKLOH FXWWLQJ DW KLJK WHPSHUDWXUHV LH  . +RZHYHU FKHPLFDO ZHDU
YL]GLVVROXWLRQ-GLIIXVLRQDQGDGKHVLRQZHDUFRXOGEHDFFHOHUDWHGDWKLJKWHPSHUDWXUHV 
 
$FNQRZOHGJPHQWV 
6=&ZRXOGOLNHWRWKDQNWKHKHOSRI'U6DXUDY*RHOIURP4XHHQ¶V8QLYHUVLW\%HOIDVW8.IRUKLV
XVHIXO DGYLFH 7KH DXWKRUV JUDWHIXOO\ DFNQRZOHGJH WKH ILQDQFLDO VXSSRUW IURP WKH (365&
(3.DQG5R\DO6RFLHW\-16)& LQWHUQDWLRQDOH[FKDQJHSURJUDPPH,( IRU WKLV
VWXG\7KHDXWKRUVDOVRDFNQRZOHGJHWKHXVHRIWKH(365&(3.IXQGHG$5&+,(-:H6W
+LJK3HUIRUPDQFH&RPSXWHUDWWKH8QLYHUVLW\RI6WUDWKFO\GH 
 
Appendix A 
Table 1A. Average forces and specific cutting energy while cutting single crystal 3C-SiC on 
different crystallographic orientations at various temperatures 
 
Workpiece 
temperature 
Crystal 
orientation 
Average 
tangential 
Average 
thrust 
Average 
resultant 
Average 
specific 
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(K) cutting 
force (nN) 
force 
(nN) 
force 
(nN) 
cutting 
energy 
(GPa) 
 
300 
(010) 2112 4564.8 5029.7 381 
(110) 2280.5 4660.6 5188.6 393.1 
(111) 2122.3 2943.1 3628.5 274.9 
 
900 
(010) 1863.7 4156.8 4555.5 345.1 
(110) 1988 4462.9 4885.7 370.1 
(111) 1781 2393.4 2983.4 226 
 
1200 
(010) 1869.7 4100.4 4506.6 341.4 
(110) 1888.5 4463.5 4846.6 367.2 
(111) 1741.6 2270.7 2861.7 216.8 
 
1400 
(010) 1792.9 3691.4 4103.8 310.9 
(110) 1934.8 4349.3 4760.2 360.6 
(111) 1680.3 2062.3 2660.1 201.5 
 
1700 
(010) 1604.7 2983.1 3387.3 256.6 
(110) 1841.1 3459.6 3919 296.9 
(111) 1554.9 1947.8 2492.3 188.8 
 
2000 
(010) 1433.6 2526.2 2904.7 220 
(110) 1672.7 2804.8 3265.7 247.4 
(111) 1606.3 1864.1 2460.7 186.4 
 
3000 
(010) 1067.1 1717 2021.6 153.1 
(110) 1330.6 2039.5 2435.2 184.5 
(111) 1267.6 1402.9 1890.8 143.2 
 
Appendix B 
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Table 1B. Average stresses and temperature on the cutting edge of the diamond tool while cutting 
single crystal 3C-SiC on different crystallographic orientations at various temperatures 
 
:RUNSLHFH
WHPSHUDWXUH
. 
&U\VWDO
RULHQWDWLRQ 
YRQ0LVHV
VWUHVVRQWKH
FXWWLQJHGJH
*3D 
7UHVFDVWUHVV
RQWKH
FXWWLQJHGJH
*3D 
7HPSHUDWXUH
RQWKH
FXWWLQJHGJH
.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